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Abstract

Background

Individuals with type 1 diabetes (T1D) exhibit higher rates of coronary artery disease
(CAD) compared with the general population, despite higher concentrations of the
cardioprotective HDL-C, thus we hypothesized that HDL may not be a good indicator of HDL
function. This study assessed differences in novel markers of HDL particle concentration (HDL-
P) and macrophage cholesterol efflux capacity (CEC) between middle-aged adults with childhood-
onset T1D and controls with normal glucose tolerance (NGT).
Methods

HDL-P and CEC were determined among 187 individuals with T1D (mean age 51 years,
T1D duration 43 years, 52% women) and 200 controls of similar demographic distribution. As a
larger number of those with T1D (n=44) had CAD compared to controls (n=4), analyses were
restricted to individuals free of CAD to assure more comparable groups. HDL-P and macrophage
CEC were quantified by calibrated ion mobility analysis and a validated cell-based assay,
respectively. Descriptive analyses were conducted to assess differences by sex and T1D status, as
well as the relationships of the novel HDL markers. Separate multivariable linear regression
models were constructed for each novel HDL marker to evaluate whether T1D status was an

independent correlate. The presence of effect modification by sex was also assessed.



Results

Individuals with T1D and women (regardless T1D status) exhibited favorable traditional
lipid profiles. Significant sex differences (regardless T1D status) were also detected in total HDL-
P (higher in women) and the four major HDL subpopulations — extra-small (higher in men), small
(higher in men), medium (higher in women), and large (higher in women), although concentrations
were similar by T1D status. Total macrophage CEC was higher in those with T1D (all p<0.01).
T1D was associated with 1.06 umol/L lower M-HDL-P concentrations but 0.39 umol/L higher L-
HDL-P concentrations and 0.26% higher total macrophage CEC compared to NGT (p=<0.01),
after sex and HDL-C adjustment.
Conclusion

In this case-control study of middle-aged adults free of CAD, individuals with childhood-
onset T1D had lower concentrations of M-HDL-P but higher levels of L-HDL-P and total
macrophage CEC. Further research is needed to contextualize these findings and expand upon the

public health implications of HDL dysfunction.
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1.0 Introduction

1.1 Type 1 Diabetes Pathophysiology

Type 1 Diabetes is an autoimmune disease characterized by the destruction of insulin-
producing pancreatic beta cells. The hormone insulin acts as a facilitator by promoting glucose
uptake in cells and regulating carbohydrate, lipid, and protein metabolism.! In the presence of
deficient insulin concentrations, individuals will begin to experience symptoms of type 1 diabetes,
including polyuria, polydipsia, and polyphagia.? Insulin deficiency in type 1 diabetes prevents the
body from regulating blood glucose, leading to increased concentrations of glucose in the blood,
also known as hyperglycemia.®

The exact process leading to the destruction of beta cells is largely viewed as an
autoimmune process, with multiple facets involved in its initiation, including an environmental
trigger in genetically susceptible individuals. However, the exact mechanism of this autoimmune
initiation is not clearly understood.*® The pathophysiology of type 1 diabetes can be categorized
into three distinct stages: stage 1 involves the persistent presence of multiple B-cell autoantibodies
with normoglycemia, or normal concentrations of glucose in the blood. stage 2 is further defined
by the development of dysglycemia, or the dysregulation of glucose in the blood, and stage 3 is
characterized by the onset of clinical symptoms,® such as polyuria, polydipsia or polyphagia.

The diagnosis of type 1 diabetes may be made with either: a) a fasting plasma glucose >126
mg/dL (7.0 mmol/L), b) 2-hour plasma glucose >200 mg/dL (11.1 mmol/L) during an oral glucose

tolerance test, ¢) HbAlc >6.5% (48 mmol/mol), or d) a random plasma glucose >200 mg/dL (11.1



mmol/L) in the presence of symptoms of hyperglycemia or hyperglycemic crisis. In the absence
of symptoms, diagnosis requires two abnormal test results.®

The onset of type 1 diabetes is typically protracted, as it takes time for the body to stop
producing insulin. Treatment is most notably distinguished by the immediate and lifelong need for
exogenous insulin. The period following diagnosis, during which the 8 cell count dwindles, is
known as the “honeymoon phase” and varies from person to person, lasting weeks, months, or
even years. Type 1 diabetes typically stabilizes after the honeymoon phase; care subsequently
becomes more predictable.” Nonetheless, prolonged hyperglycemia has been associated with
complications of the micro- and macrovascular system in type 1 diabetes. Long term complications
span the macro- and microvascular spectrum, including but not limited to retinopathy,

nephropathy, neuropathy, and coronary artery disease.®

1.2 Long Term Care

A diagnosis of diabetes was considered fatal until 100 years ago when the hormone insulin
was discovered. Exogenous insulin use has varied in implementation since the discovery of insulin,
and both the method of delivery and the type of insulin used has changed drastically. Today, a
commonly used standard of care is a semi-closed loop system of insulin delivery via a combination
of continuous glucose monitoring and insulin pump technology.® Insulin delivery affects the blood
glucose level, and treatment has the goal of stabilizing blood glucose to the normal range of
between 70 and 130 mg/dL. Achieving normal levels of blood glucose is complicated by factors

affecting blood glucose levels such as diet and exercise, making diabetes care a dynamic process.



An important biomarker that is often used as a metric for overall glycemic control is
hemoglobin A1c% (HbA1c%). HbA1c% is a measurement of glycated hemoglobin over a period
of three months and is used to monitor glycemic control during this time period in people with
diabetes.'® Long term care on the individual level is thus characterized by a constant balancing act

of treating hypo/hyperglycemia to better achieve glycemic control.

1.3 Epidemiology

1.3.1 Incidence and prevalence

Type 1 diabetes incidence and prevalence have been on the rise globally for many years.
Incidence has been identified to rise by 2-3% per year, with an annual incidence in the US of about
22.9 cases per 100,000 as of 2015.° While this increase varies by geographic location and season,
there is little dispute that type 1 diabetes is a public health concern of global scope. Traditionally,
type 1 diabetes has been thought of as a disease most often diagnosed in children 10-14 years of
age and remains one of the most frequent chronic diseases diagnosed in children in the western
world, although recent studies suggest it occurs equally across all age groups.t**2 These numbers
are reflected in the prevalence of type 1 diabetes, with 3.4/1,000 individuals in the United States
being diagnosed before they are 40 years of age.™

The incidence of type 1 diabetes has been reported to be slightly higher in boys compared
to girls in the U.S.,* although it has been shown that sex interacts with geography, such that as
incidence increases by location, the sex ratio of diagnosis moves from a female excess to a male

excess.’® The incidence of type 1 diabetes is highest in individuals of northern European descent,



with an incident rate of 23.6/100,000. However, incidence has been rising in minority communities
as well.X® Indeed, type 1 diabetes incidence is rising fastest in Hispanic, Asian/Pacific islanders
and Black individuals, with an annual incidence increase of 4.2%, 3.7% and 2.2% respectively,

compared to an annual increase in non-Hispanic whites of 1.2%.

1.3.2 Risk Factors

A variety of risk factors contribute to the development of type 1 diabetes. Major risk factors
include genetic susceptibility and environmental factors such as exposure to viral infections.!” Age
has historically been an important factor for describing type 1 diabetes diagnosis, with the disease
traditionally developing in childhood. It is now understood that type 1 diabetes can also develop
in adults. In addition, a meta-analysis of 5 cohort and 25 case-control studies suggested a 5%
increase in the odds of type 1 diabetes per 5-year increase in maternal age at birth.*® Although
weak, these data, along with increases in the age women give birth in modern societies, may help
explain some of the observed increase in the incidence of type 1 diabetes over time.

Genetic susceptibility is a principal risk factor in the processes leading to the development
of type 1 diabetes. The cumulative incidence of type 1 diabetes among monozygotic twins is
65%.%° There are two HLA haplotypes that are largely implicated in the risk of developing type 1
diabetes. The HLA-DR3-DQ2 and the HLA-DR4-DQ8 haplotypes are present either alone or in
combination in almost 90% of children diagnosed with type 1 diabetes.”?** HDL-DR15-DQ6, on
the other hand, is associated with a decreased risk of developing diabetes, although the
mechanisms for this association are not well established. Since the widespread use of genomic
sequencing, over 60 additional genetic loci have been indicated as possible factors for the

development of disease.?*



Genes associated with type 1 diagnosis are typically thought to act in concert with some
environmental trigger, including modifiable factors such as exposure to viral infections and
lifestyle factors such as diet. Enteroviruses are some of the earliest environmental triggers to be
studied, and have been implicated in prospective cohort studies as major triggers in islet
autoimmunity.?2® This has been shown on a molecular level as well, providing strong evidence
of increased risk.?* In addition to viral exposure of the child, maternal exposure to enteroviral
infections during pregnancy have also been associated with an increased risk of type 1 diabetes in
the offspring.?>2¢

Data also exist suggesting that dietary factors are important contributors to the
pathogenesis of type 1 diabetes. The role of breastfeeding and infant formula / cow’s milk during
the first few months after birth has received considerable attention, although overall findings
remain inconclusive.?’° Cow’s milk has been suggested to play a role in the development of type
1 diabetes in genetically susceptible individuals.3* However, studies have shown mixed results,
and additional research studies are needed to further assess this relationship.®? Several studies have
also suggested that Vitamin D concentrations during pregnancy may play a protective role against
the development of beta cell autoimmunity and type 1 diabetes in the offspring, although not all
studies concur.®3-%8 The evidence available to date therefore suggest that the environmental trigger

component is a complex aspect of diabetes development and requires further examination.

1.4 Complications Associated with Type 1 Diabetes

While diabetes is no longer considered a terminal disease, this disorder often entails

meaningful future health conditions affecting quality of life and life expectancy.3*4° Despite



persistent advances in care, this chronic condition has high costs both financially and mentally
associated with daily upkeep, including prevention of severe hypoglycemia as well as more long-
term micro and macrovascular outcomes. The societal financial burden of type 1 diabetes has been
estimated to be $602 billion and growing, and the per-person cost difference attributable to the
disease between people with normal glucose tolerance and type 1 diabetes has been estimated to
be $800 per month.***2 In addition to both societal and per-person financial cost, there are burdens
on mental health; depression rates in people with type 1 diabetes are more than three times that of

the general public * and are associated with complications.***°

1.4.1 Acute Complications

Acute complications of type 1 diabetes include the threat of diabetic ketoacidosis (DKA),
a life-threatening complication in which the body does not have enough insulin to use the glucose
in the blood stream and begins to produce dangerously high levels of ketones, as well as severe
hypoglycemic events. DKA commonly presents at the time of the diagnosis of type 1 diabetes and
is caused by very low concentrations of insulin due to beta cell failure, leading to impaired
utilization of glucose, which in turns leads to hyperglycemia and increased production of ketones.
Approximately a third of individuals with type 1 diabetes present with DKA at diagnosis in the
U.S.; risk factors for DKA comprise younger age, lower socioeconomic status and minority
race/ethnicity.*

Hypoglycemia is defined as abnormally low concentrations of blood glucose which,
depending on their severity, may lead to mild cognitive impairment, coma, seizure or sudden death.
Symptoms of hypoglycemia are often characterized by tremors, sweating, hunger and anxiety.*’
The incidence of severe hypoglycemia in children has been estimated to be 19 per 100 person years
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in 0-19 year olds “ and 8 per 100 person years among 7-16 year olds. It has been estimated that
4% to 10% of type 1 diabetic deaths are associated with severe hypoglycemia.*® Intensive glycemic
control is a strong risk factor for developing frequent hypoglycemic events, as is age and longer

duration of diabetes.*

1.4.2 Microvascular Complications

Several diabetes-related comorbidities are microvascular in nature. Neuropathy is a form
of nerve damage that is attributable to the peripheral impaired blood supply to the small blood
vessels, most notably in the feet.>* This painful disease has been estimated to affect over half of
all people living with diabetes.>? In the Pittsburgh EDC study of childhood-onset type 1 diabetes,
the prevalence of diabetic neuropathy was 34%.5%°3

Diabetic retinopathy affects the majority of those with 20 years or more duration of type 1
diabetes, and is the leading cause of blindness in adults.>* Duration of diabetes is highly correlated
to the development of proliferative retinopathy; rates of retinopathy increase with longer diabetes
duration. The incidence rate of proliferative retinopathy during the DCCT/EDIC study was 50%.%°

Nephropathy and renal complications are a leading cause of excess mortality in persons
with type 1 diabetes.®® Historically, sex differences in incidence of macroalbuminuria and end-
stage renal disease were present, with more men developing disease, but within subsequent
generations this difference has faded.®>” Duration of type 1 diabetes has been the strongest predictor
of nephropathy, and affects more than a quarter of the population by 40 years of duration.*®
Interestingly, renal disease has also been linked to increased risk of macrovascular complications
such as coronary artery disease, further complicating the relationship of type 1 diabetes to vascular

outcomes.>®



1.5 Macrovascular Complications — Coronary Artery Disease

Coronary artery disease (CAD) is a cardiovascular disease characterized by angina pectoris
(i.e., chest pain), arrhythmias (i.e., abnormal heartbeat), cardiomyopathy and heart failure. CAD
is the leading cause of death in people with type 1 diabetes in most developed countries.®%%! The
pathogenesis of CAD involves inflammation of the arterial walls via the sticking of blood
leukocytes to the surface of the wall, caused by a variety of pre-existing factors in patients.®? This
leads to calcification and hardening of the artery, buildup of obstructive plaque, ischemia, and
eventually major cardiac events.

Approximately 2% of young adults with type 1 diabetes develop CAD, and almost 1% of
those with diabetes for at least 20 years will experience a major cardiac event by age thirty.®3
Overall, individuals with type 1 diabetes are at a tenfold increased risk for CAD compared to those
with normal glucose tolerance, although historically, glycemic levels have not shown a strong
association with CAD incidence in prospective cohort studies.®* However, recent results from the
DCCT/EDIC clinical trial provided definitive results that intensive insulin therapy leads to
significant reductions in CAD risk.®®

Both nephropathy and neuropathy pose a threat as factors enhancing risk of CAD and major
cardiac events in individuals with type 1 diabetes.®* In addition to hyperglycemia and duration of
diabetes, risk factors for cardiovascular disease in type 1 diabetes are similar to those in the general
population and include smoking, dyslipidemia, hypertension, and inflammation.%3¢® An exception
comprises male sex; in contrast to the general population, the incidence of CAD is similar in men
and women with type 1 diabetes.

Historically, those with type 1 diabetes have had better risk factor profiles, including better

overall lipid panels, with a higher concentration of the atheroprotective HDL-C, and lower rates
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of obesity, compared with the general population, although more recently, obesity rates have been
rising also in type 1 diabetes, such that they now correspond to rates observed in the general
population.®® The observation of similar or better standard risk factors in type 1 diabetes compared
with the general population do not reflect the elevated risk for CAD in type 1 diabetes, presenting
the question as to what the cause for such higher risk for CAD is. One potential explanation may

relate to impairments in the function of the high-density lipoprotein (HDL) molecule.

1.5.1 HDL and Macrophage Cholesterol Efflux

HDL is well known to be cardioprotective and includes functions such as reduction of
inflammation, reverse cholesterol transport, and the characteristic of being an antioxidant, leading
to the promotion of overall coronary health. The function of HDL in reverse cholesterol transport
is to prevent oversaturation of cholesterol in peripheral tissue by accepting and delivering it first
to blood plasma and then the liver where it is directly excreted.®” This is typically performed by
macrophages in a process known as cholesterol efflux, wherein excess cholesterol is effluxed from
the cells to extracellular receptors. HDL cholesterol efflux capacity (CEC), the ability of HDL
macrophages to perform reverse cholesterol transport, has been shown to be inversely associated
with incident cardiovascular events.5-6°

Despite this known association, an increasing number of studies have provided evidence
of a positive or null relationship between HDL cholesterol and coronary artery disease risk.”
Moreover, although middle aged women transitioning through menopause are known to have a
higher CAD risk, they can experience high levels of HDL-C.”* These observations have led to the
hypothesis that the cholesterol content of HDL may not accurately reflect its atheroprotective

properties. These observations may also help explain the increased CAD risk in type 1 diabetes
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despite highly elevated HDL-C concentrations. Indeed, results from the Pittsburgh Epidemiology
of Diabetes Complications (EDC) study suggested that a U-shaped association of risk exists in
women with type 1 diabetes, such that the incidence of CAD increased both below HDL-C of 50

mg/dL and above 80 mg/dL."

1.6 Gaps in Knowledge

New technology has been developed to assess the cholesterol efflux capacity of HDL, as
well as concentration of HDL particles (extra small, small, medium, large). The functional
capabilities of macrophage CEC have only recently become measurable, and further reporting on
these novel HDL measurements is needed, especially where possible HDL dysfunction is
hypothesized. Within the relational sphere of type 1 diabetes, HDL and CAD, there exists space

for this hypothesized dysfunction of macrophage reverse cholesterol transport to be tested.

1.7 Public Health Significance

Type 1 diabetes is a chronic disease the incidence of which has been increasing worldwide.
At present, primary prevention is not possible although type 1 diabetes management has improved
greatly since the results of the DCCT/EDIC trial; there have been significant reductions in the
complications of type 1 diabetes as well as a marked increase in life expectancy.” Nonetheless,
type 1 diabetes continues to be associated with serious micro- and macro-vascular complications,

which are largely responsible for the burden type 1 diabetes poses to both the individual patient
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and society. In particular, the incidence of CAD is two to tenfold higher among young adults with
type 1 diabetes compared with the general population, even though traditional risk factor levels,
including the cardioprotective HDL-C, are similar or better among individuals with type 1
diabetes. Investigators have therefore raised the hypothesis that the cholesterol content of HDL
may not be indicative of the atheroprotective properties of the HDL molecule and that novel
measures of cholesterol efflux capacity and HDL particle concentration may best represent that
function. Nonetheless, to date, data on differences in these novel metrics between individuals with
type 1 diabetes and those with normal glucose tolerance are very scarce. This essay will therefore
focus on the assessment of differences in HDL-mediated cholesterol efflux capacity and the
concentrations of HDL particles in individuals diagnosed with childhood-onset type 1 diabetes and
non-diabetic controls. This essay provides important data that may help explain the increased
cardiovascular risk in type 1 diabetes and may subsequently also lead to novel therapies to reduce

the excess cardiovascular risk imposed by type 1 diabetes.
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2.0 Objectives

The objectives of this study were to assess differences in novel HDL function
measurements (i.e., HDL cholesterol efflux capacity and the concentration of HDL particles)
between individuals with type 1 diabetes participating in the Pittsburgh Epidemiology of Diabetes
Complications study and individuals with normal glucose tolerance of similar age and sex
distribution to those with type 1 diabetes. As it is well established that lipid concentrations differ
by sex, stratified analyses by sex were also conducted. We hypothesized that individuals with type
1 diabetes have impaired cholesterol efflux capacity and HDL particle concentrations compared
to those with normal glucose tolerance. We also hypothesized that these differences would be of
greater magnitude among women, contributing further information to the debate over the factors

involved in the increased risk in women with type 1 diabetes.
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3.0 Methods

3.1 Study Population

This study is based on data from the RETRO-HDLCc study, an ancillary of the Pittsburgh
Epidemiology of Diabetes Complications (EDC) study. Study participants with type 1 diabetes
were individuals with childhood-onset diabetes who were participating in the 25-year follow-up
of the EDC study. Study participants without diabetes were of similar age, sex and racial
distribution to the group of individuals with type 1 diabetes from the EDC study. The EDC study
is a prospective cohort of individuals diagnosed with type 1 diabetes before age 17 who were
diagnosed or seen within a year after initial diagnosis at Children’s Hospital of Pittsburgh between
1950 and 1980. A first clinical assessment for the study occurred between 1986 — 1988. Mean age
at first clinical assessment was 28 years and duration of type 1 diabetes was 19 years. Participants
were followed subsequently with biennial surveys for 30 years and biennial clinical examinations
for 10 years, as well as at the 18, 25, and 30-year follow up.

The RETRO-HDLc study has been described previously in detail.”* Briefly, it was
designed as an ancillary to the EDC study with the goal to determine whether HDL function is
impaired in type 1 diabetes compared to individuals with normal glucose tolerance and whether
novel HDL metrics (cholesterol efflux capacity, HDL particle size and concentration, as well as
HDL proteomics) are associated with the risk of coronary artery disease in individuals with type 1
diabetes. Thus, the RETRO HDLc study was based on clinical and survey data as well as biologic
specimen from individuals with childhood-onset diabetes who partook in the 25-year follow up

clinical examination of the EDC (n=216) and controls recruited from registries within the
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University of Pittsburgh as well as the University of Pittsburgh Medical Center (UPMC) between
2017 — 2018 (n=200). Control eligibility criteria included a similar age and sex distribution
compared with EDC participants, absence of major morbidities and residence in the greater
Pittsburgh area. 384 individuals expressed interest, of which 286 were screened and 262 were
deemed eligible. 212 of the eligible control participants attended the clinic visit. During the visit,
normal fasting glucose tolerance (<125 mg/dL) status was verified for 200 individuals for whom

relevant survey and clinical data, blood and urine samples were collected, as in the EDC study.

3.2 Data Collection

Surveys regarding demographic and medical history information were collected from both
controls and individuals with type 1 diabetes. Individuals with type 1 diabetes further completed
surveys regarding diabetes self-care. The clinic visit included anthropometric evaluations and
collection of fasting blood and urine samples. Weight and height were assessed and BMI
calculated. Blood pressure was measured with a random zero sphygmomanometer after a 5-minute
rest. Hypertension was defined as > 140/90 mmHg or use of antihypertensive medications. HbAlc
was measured with the DCA 2000 analyzer (Bayer, Tarrytown, NY) and converted to DCCT-
aligned HbA1c values using a regression equation derived from duplicate assays (DCCT HbAlc
= (DCA HbAlc — 1.13)/0.81). Lipid panels were measured enzymatically (Cholestech LDX
System, Alere, Hayward, CA, USA) and non-HDL cholesterol was calculated as total cholesterol
minus HDLc. Serum and urinary albumin were assessed, in-house, by immunonephelometry’;
white blood cell count (WBC) was obtained using a counter S-plus IV (Coulter Electronics,

Hialeah, FL) and serum creatinine was assayed using an Ektachem 400 Analyzer (Eastman Kodak
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Co, Rochester, NY). After closure of the in-house laboratory, assessment of serum and urinary
albumin and creatinine as well as of WBC count for the RETRO-HDLc study was completed at
Quest Diagnostics (Pittsburgh, PA). Glomerular filtration rate (e€GFR) was estimated.

HDL-P (the concentrations of HDL subspecies) was assessed using calibrated ion mobility
analysis on a differential mobility analyzer (DMA, TSI Inc., MN). Four major HDL
subpopulations (extra-small [XS-HDL-P], 7.6 nm; small [S-HDL], 8.3 nm; medium [M-HDL], 9.3
nm; and large [L-HDL],11.1 nm) were fitted to the DMA profiles by unsupervised, iterative curve
fitting.”” HDL cholesterol efflux capacity was quantified with serum HDL (plasma-derived serum
depleted of apolipoprotein B lipoproteins) using cells labeled with [*H]cholesterol. All assays
were carried out under conditions where CEC was a linear function of incubation time and serum
HDL concentration. Macrophage CEC was quantified with J774 cells stimulated with cAMP and
was calculated as the percentage of total [*H]cholesterol (medium plus cell-associated) released
into the medium containing serum HDL minus that of cells incubated with medium alone. ABCA1
CEC was quantified using BHK (baby hamster kidney) cells with mifepristone-inducible human
ABCA1. ABCA1 CEC was calculated as the percentage of total [H]cholesterol (medium plus
cell-associated) released into the medium of BHK cells stimulated with mifepristone minus that of
cells stimulated with medium alone. Analyses were normalized to a pool of control HDL that was
included in each batch of assays. Laboratory personnel were blinded to the type 1 diabetes status

of study participants.
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3.3 Statistical Methods

A larger proportion of those with type 1 diabetes had CAD (22.5%) compared to controls
(2%). We therefore restricted analysis to those free of CAD (n=245 individuals with type 1
diabetes and 196 controls) to ensure comparable populations. Analyses were further restricted to
those with adequate sample for the novel HDL marker assessment. The final analytic sample size
was 339 (143 individuals with type 1 diabetes and 196 controls without diabetes).

To evaluate the presence of an association between novel HDL metrics and participant
characteristics, Pearson and Spearman correlations were generated, as appropriate, for normally
and non-normally distributed variables, respectively. Descriptive analyses were then performed to
assess differences in participant characteristics and novel HDL measures by sex and type 1 diabetes
status. The Student’s t test and the Wilcoxon’s two-sample test were then performed to assess
differences in normally and non-normally distributed continuous variables, respectively. The Chi-
square test or Fischer’s exact test, as appropriate, were employed for categorical variables.
Separate multivariable linear regression models with backwards elimination were then constructed
for each novel HDL marker as the dependent variable with type 1 diabetes status as the main
independent variable, allowing for potential confounding factors. Confounding factors considered
comprised sex, BMI, smoking status, hypertension, apolipoprotein Al, traditional lipid
concentrations (HDL-C, non-HDL-C and triglycerides), ACR, eGFR, and WBC count. In
addition, modification of the effect of type 1 diabetes on novel HDL metrics by sex was assessed.

Analyses were performed using SAS version 9.4 (SAS institute, Cary, NC).
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4.0 Results

Descriptive characteristics by sex and type 1 diabetes status are shown in Table 1. By
design, the distribution of age and race/ethnicity was similar by sex and type 1 diabetes status.
Overall, median age was 49.6 years and the vast majority (96%) were non-Hispanic white.
Nonetheless, differences were observed in other participant characteristics by sex both within and
between type 1 diabetes status groups, as described below.

Sex differences in controls: Among controls, women had a better risk factor profile
compared with men, including a lower proportion of smokers and individuals with hypertension,
lower WHR and higher HDL-C and apolipoprotein A1 concentrations; an exception was albumin
to creatinine ratio (ACR), which was higher among women. Significant differences were also
observed in novel HDL metrics by sex among controls, with women presenting with significantly
higher cholesterol efflux capacity, as well as higher total, large and medium HDL-P but lower
small and extra-small HDL-P concentrations.

Sex differences in type 1 diabetes: The sex differences observed among controls were
largely mirrored within individuals with type 1 diabetes. Exceptions included the lack of a
difference in the rates of smoking and hypertension as well as similar ACR and CEC by sex in
type 1 diabetes. In addition, women with type 1 diabetes exhibited lower eGFR and reported a
lower dose of insulin per bodyweight compared with men.

Overall differences by type 1 diabetes status: As expected, HbAlc was elevated among
men and women with type 1 diabetes compared to controls. In addition, a greater proportion of
men and women with type 1 diabetes had hypertension and used ACE/ARB and lipid medications.
Study participants with type 1 diabetes also had higher concentrations of WBC count and ACR.
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In contrast, lipid concentrations were more favorable in type 1 diabetes. Interestingly, despite
similar concentrations of total HDL-P, men and women with type 1 diabetes also had significantly
higher CEC (both total macrophage and ABCA-specific CEC). Among men, no differences were
observed in the concentration of any of the HDL-P subspecies by type 1 diabetes status. However,
among women, there was a shift toward lower medium HDL-P and higher large HDL-P in those
with type 1 diabetes.

Table 2 describes correlations between the novel HDL markers and other characteristics of
study participants stratified by type 1 diabetes status. Generally, the strength and direction of
correlations were similar in both groups. The strength of correlations among novel HDL metrics
and other characteristics was weak or moderate with the exception of correlations between HDL-
C and total and large HDL-P, as well as between apolipoprotein Al and total HDL-P, large HDL-
P and total macrophage CEC, which were strong in both type 1 diabetes and controls.

Results of multivariable linear regression models are shown in Table 3. After multivariable
adjustments, type 1 diabetes status was significantly associated with each of the HDL particle
concentrations and both total macrophage and ABCA1-specific CEC measurements, however the
direction of association varied. Having type 1 diabetes was associated with higher total
macrophage and ABCA-1 specific CEC, higher concentrations of large HDL-P, yet lower
concentrations of medium and total HDL-P after multivariable adjustment. An exception was
extra-small and small HDL-P concentrations, for which no differences were observed by type 1
diabetes status. Adjusting for other risk factors and type 1 diabetes status, female study participants
had lower extra-small and small HDL-P concentrations but higher medium HDL-P and marginally
higher large HDL-P concentrations. Interestingly, although no differences were observed in total

macrophage CEC by sex, women had significantly lower ABCAL-specific CEC compared with
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men. Of traditional lipids, HDL-C negatively and non-HDL-C positively related to extra-small and
small HDL-P. Furthermore, HDL-C positively related to large HDL-P. Traditional lipids (HDL-
C, non-HDL-C and triglycerides) were also positively associated with CEC.

After multivariable adjustments, compared to controls with normal glucose tolerance,
individuals with type 1 diabetes experienced a 0.26 (+0.02, p = <0.01) average unit increase of
total macrophage efflux capacity. Models generally explained between 46% to 74% of the
variability in HDL-P and CEC. This association was echoed in the other CEC measures as well;
type 1 diabetes was generally associated with a higher CEC after taking the variables listed above
into account. Results of multivariable linear regression also point to increased concentrations of
large size HDL particles and decreased concentrations of medium size HDL particles in individuals
with type 1 diabetes. There was not a significant interaction between sex and type 1 diabetes status,

and the interaction term was subsequently dropped from analysis.
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Table 1 Differences in participant characteristics by T1D status overall and within sex

Controls Type 1 Diabetes Men Women
(control vs. T1D) | (control vs. T1D)
Participant characteristics Men (n=97) Women (n=99) | p-value Male (n=64) Female (n=79) p-value p-value p-value
ABCA-specific chol. efflux cap. 0.9(0.6,1.4) 1.1(0.6,1.4) 0.70 1.9(1.5,2.4) 1.9(1.1,2.7) 0.31 <0.01 <0.01
Total macrophage efflux cap. 0.9(0.8,1.1) 1.0(0.9,1.2) 0.02 1.2(1.0,1.4) 1.3(1.1,1.4) 0.20 <0.01 <0.01
XS HDL particle concentration 1.0(0.8,1.2) 0.8(0.6, 1.0) <0.01 0.9(0.8,1.3) 0.8(0.7,1.0) <0.01 0.97 0.64
Sm HDL particle concentration 3.8(3.0,5.0) 3.5(2.4,4.2) 0.02 4.2(3.0,5.4) 3.1(2.4,4.0) <0.01 0.43 0.28
Med HDL particle concentration 8.8(7.5,10.3) 9.7(8.7,11.8) <0.01 8.1(7.0,9.1) 9.2(7.7,11.0) <0.01 0.09 <0.01
Lrg HDL particle concentration 3.2(2.1,4.5) 4.2(2.7,6.2) <0.01 3.0(2.4,4.5) 5.1(3.9,6.7) <0.01 0.75 <0.01
Tot. HDL particle concentration 18.2(3.0) 20.3(4.3) <0.01 18.1(4.2) 19.8(4.1) <0.01 0.30 0.82
HDL cholesterol 53.0(44.0, 64.0) | 64.0(55.0, 77.0) <0.01 53(42, 67) 69(56, 80) <0.01 0.39 0.55
LDL cholesterol 128.9(35.3) 133.5(41.4) 0.46 107.5(30.1) 102.8(29.3) 0.51 <0.01 <0.01
Non-HDL cholesterol 139(115,174) 142(111, 178) 0.78 125.5(98.0,143.5) 113(96, 139) 0.37 <0.01 <0.01
Total cholesterol concentration 192(171, 221) 209(179, 242) 0.07 179(154.5,195.5) 188(165, 213) 0.12 <0.01 <0.01
Triglycerides 82(52,119) 76(52,107) 0.49 68(44, 95.5) 65(44, 84.0) 0.61 0.25 0.22
Systolic blood pressure 112(105, 121) 107(99, 114) <0.01 | 116.5(108.5, 128) 115(105, 122) 0.13 0.04 <0.01
Diastolic blood pressure 73(68, 81) 69(65,76) <0.01 71(63, 77) 64(58, 71) <0.01 <0.01 <0.01
HbALc (%) 5.4(5.1, 5.6) 5.4(5.1, 5.6) 0.63 7.6(6.8, 9.0) 8.0(7.4,9.0) 0.32 <0.01 <0.01
Albumin to creatinine ratio 5.5(3.7,10.3) 8.6(5.2,18.7) <0.01 10.1(7.0, 25.1) 12.3(7.5, 33.3) 0.61 <0.01 <0.01
White blood cell count 5.4(4.7,6.2) 5.4(4.5, 6.4) 0.62 6.0(5.1,6.7) 6.1(5.0, 7.5) 0.90 <0.01 <0.01
BMI 26.3(24.4,29.0) | 25.9(23.4,29.5) 0.51 26.3(23.7 ,30.5) 27.7(23.9,31.9) 0.24 0.64 0.14
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Controls Type 1 Diabetes Men Women
(control vs. T1D) | (control vs. T1D)

Participant characteristics Men (n=97) Women (n=99) | p-value Male (n=64) Female (n=79) p-value p-value p-value
Age(years) 51.1(41.6,58.5) | 50.1(42.9, 56.6) 0.75 49.2(44.9, 54.1) 48.5(45.2, 54.8) 0.86 0.74 0.62
Waist to hip ratio 0.9(0.8, 1.0) 0.8(0.8, 0.9) <0.01 0.9(.09,1.0) 0.8(0.8, 0.9) <0.01 0.05 0.93
Pulse 64(56,72) 64(60,70) 0.47 76(67, 83) 74(68,80) 0.32 <0.01 <0.01
Est. glomerular filtration 86.9(78.0,99.0) | 87.2(76.6,102.7) 0.94 86.7(76.1, 102.9) 79.4(66.5, 96.3) 0.02 0.34 <0.01
Est. glucose disposal ratet - - - 7.2(5.6, 8.5) 8.8(6.7,9.7) <0.01 - -
Apolipoprotein Al 143(129, 161) 156(144,179) <0.01 148(132,168) 170(145, 182) <0.01 0.33 0.18
Age at T1D onset + - - - 8.4(4.4,11.4) 8.5(5.0, 11.5) 0.60 - -
Duration of TID - - - 40.7(35.8, 46.1) 40.2(35.6,45.5) 0.85 - -
Insulin dose per body weight 1 - - - 0.6(0.5,0.8) 0.5(0.3, 0.6) <0.01 - -
Weight in kilograms 81.2(74.9,91.8) | 70.7(63.6,81.7) <0.01 81.9(71.1, 93.4) 74.8(62.2, 83.8) <0.01 0.95 0.97
Height in centimeters 176(171,183) 165(160, 170) <0.01 175(170, 180) 163(158, 166) <0.01 0.05 <0.01
Hypertension status 0.03 0.63 0.02 <0.01

No hypertension 84.5% (82) 93.9% (93) 69.4% (45) 73.1% (58)

Hypertension 15.5% (15) 6.1% (6) 30.6% (19) 26.9% (21)
Race 0.11 0.25 0.02 0.69

Non-Hispanic White 90.7% (88) 96.0% (95) 100% (64) 97.0% (76)

African American 8.3% (8) 3.0% (3) 0% (0) 3.0% (3)

Hispanic White 0% (0) 0% (0) 0% (0) 0% (0)

Asian 0% (0) 0% (0) 0% (0) 0% (0)
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Controls Type 1 Diabetes Men Women
(control vs. T1D) | (control vs. T1D)
Participant characteristics Men (n=97) Women (n=99) | p-value Male (n=64) Female (n=79) p-value p-value p-value
Ace inhibitor use 0.03 0.10 <0.01 <0.01
No med use 92.8% (90) 99.0% (98) 62.9% (41) 75.6% (60)
Med use 7.2% (7) 1.0% (1) 37.1% (23) 24.4% (19)
Hypertension medication use 0.02 0.98 0.03 <0.01
No med use 88.7% (86) 97.0% (96) 75.8% (49) 75.6% (60)
Med use 11.3% (11) 3.0% (3) 24.2% (15) 24.4% (19)
LDL lipid medication use 0.22 0.49 <0.01 <0.01
No med use 91.8% (89) 96.0% (95) 59.7% (39) 65.4% (52)
Med use 8.2% (8) 4.0% (4) 40.3% (25) 34.6% (27)
Statin medication use 0.11 0.31 <0.01 <0.01
No med use 91.8% (89) 97.0% (96) 59.7% (39) 67.9% (54)
Med use 8.2% (8) 3.0% (3) 40.3% (25) 32.1% (25)
Smoking history 0.04 0.63 0.34 0.16
Never smoker 62.9% (61) 67.7% (67) 62.5% (40) 64.6% (51)
Former smoker 22.7% (22) 28.3% (28) 29.7% (19) 24.1% (19)
Current smoker 14.4% (14) 4.0% (4) 7.8% (5) 11.4% (9)

Data are means (SD), median (25", 75! percentile), or percentage of column(n)
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Table 2 Correlates of HDL-P concentration and cholesterol efflux capacity by type 1 diabetes status

T-HDL-P XS-HDL-P S-HDL-P M-HDL-P L-HDL-P J774 ABCA
CEC 1CEC

Type 1 diabetes

Age 0.04 (0.62) 0.11 (0.20) >-0.01 (0.99) -0.04 (0.60) 0.07 (0.40) 0.12 (0.16) 0.16 (0.05)
Age at onset T -0.09 (0.28) 0.02(0.82)  >-0.01(0.97)  -0.08(0.36) -0.06 (0.46) 0.07 (0.40) 0.11 (0.20)
Duration § 0.13 (0.13) 0.11 (0.21) -0.03 (0.76) 0.02 (0.85) 0.14 (0.10) 0.09 (0.30) 0.11 (0.21)
BMI -0.10 (0.24) 0.08 (0.31) 0.26 (<0.01) 0.01 (0.87) -0.31 (<0.01) -0.05 (0.52) 0.02 (0.79)
WHR -0.25(<0.01)  0.29(<0.01)  0.44(<0.01)  -0.21(0.01)  -0.52 (<0.01) -0.11 (0.21) 0.11 (0.21)
HbAlc -0.03 (0.72) 0.11 (0.20) 0.12 (0.14) -0.06 (0.48) -0.09 (0.27) 0.11 (0.18) 0.12 (0.15)
SBP -0.07 (0.42) 0.17 (0.04) 0.17 (0.05) -0.12 (0.15) -0.12 (0.15) 0.12 (0.15) 0.29 (<0.01)
DBP -0.06 (0.47) 0.07 (0.40) 0.17 (0.05) -0.04 (0.60) -0.20 (0.02) 0.04 (0.68) 0.18 (0.03)
Pulse 0.16 (0.06) 0.03 (0.69) 0.17 (0.05) 0.10 (0.21) <0.01 (0.99) 0.17 (0.05) 0.16 (0.06)
HDL-C 0.78 (<0.01) -0.24(<0.01) -0.38(<0.01)  0.64 (<0.01) 0.86 (<0.01) 0.53 (<0.01) 0.06 (0.45)
LDL-C -0.01 (0.88) 0.11 (0.23) 0.23 (<0.01) -0.04 (0.68) -0.18 (0.04) 0.22 (0.01) 0.30 (<0.01)
Non-HDL-C -0.06 (0.51) 0.21 (0.01) 0.37(<0.01)  -0.09(0.27)  -0.27 (<0.01) 0.27 (<0.01) 0.40 (<0.01)
Total cholesterol 0.36 (<0.01)  0.05 (0.53) 0.15 (0.07) 0.23 (<0.01) 0.18 (0.03) 0.56 (<0.01) 0.41 (<0.01)
Triglycerides -0.03(0.74)  0.24(<0.01)  0.52(<0.01) -0.04 (0.66)  -0.35 (<0.01) 0.28 (<0.01) 0.47 (<0.01)
ApoAl 0.87 (<0.01) -0.11 (0.19) -0.15 (0.08) 0.68 (<0.01) 0.75 (<0.01) 0.66 (<0.01) 0.24 (<0.01)
ACR 0.11(0.21)  <0.01(0.96)  0.25(<0.01)  -0.03(0.73) 0.02 (0.81) 0.21 (0.01) 0.27 (<0.01)
eGFR -0.10 (0.22)  -0.11(0.21) -0.17 (0.04) 0.03 (0.72) -0.02 (0.77) -0.20 (0.02) -0.27 (<0.01)
WBC count -0.04 (0.68) 0.21 (0.01) 0.12 (0.17) 0.07 (0.44) -0.17 (0.05) -0.025 (0.77) 0.06 (0.45)
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T-HDL-P XS-HDL-P S-HDL-P M-HDL-P L-HDL-P J774 ABCA
CEC 1CEC

T-HDL-P - -0.14 (0.08) 0.01 (0.91) 0.78 (<0.01) 0.76 (<0.01) 0.56 (<0.01) 0.19 (0.03)
XS-HDL-P - - 0.25(<0.01)  -0.19(0.03)  -0.27 (<0.01) 0.01 (0.91) 0.17 (0.05)
S-HDL-P - - . -0.18 (0.04)  -0.42 (<0.01) 0.10 (0.22) 0.28 (<0.01)
M-HDL-P - - -- -- 0.47 (<0.01) 0.32 (<0.01) 0.02 (0.80)
L-HDL-P - - - - - 0.43 (<0.01) 0.02 (0.81)
J774 CEC -- - -- -- - -- 0.74 (<0.01)
Controls

Age 0.15 (0.04) 0.10 (0.17) 0.10 (0.15) 0.06 (0.41) 0.06 (0.43) 0.24 (<0.01) 0.30 (<0.01)
BMI -0.21 (<0.01)  0.14 (0.05) 0.28 (<0.01) -0.14 (0.06)  -0.40 (<0.01) -0.12 (0.11) 0.05 (0.50)
WHR -0.22(<0.01)  0.26 (<0.01)  0.45(<0.01)  -0.22(<0.01)  -0.45 (<0.01) -0.01 (0.85) 0.20 (<0.01)
HbAlc -0.04 (0.59) 0.05 (0.49) 0.08 (0.28) 0.04 (0.61) -0.21 (<0.01) 0.01 (0.92) 0.12 (0.09)
SBP -0.03 (0.66) 0.11 (0.12) 0.15 (0.03) -0.08 (0.27) -0.13 (0.08) 0.05 (0.50) 0.15 (0.05)
DBP -0.04 (0.56) 0.17 (0.02) 0.21(<0.01)  -0.09(0.21)  -0.20 (<0.01) 0.10 (0.14) 0.22 (<0.01)
Pulse 0.07 (0.32) <0.01 (0.99) 0.10 (0.15) 0.01 (0.85) -0.04 (0.54) 0.09 (0.22) 0.11 (0.14)
HDL-C 0.71 (<0.01) -0.18 (0.01) -0.50 (<0.01)  0.54 (<0.01) 0.82 (<0.01) 0.56 (<0.01) 0.15 (0.04)
LDL-C 0.07 (0.39) 0.19 (0.02) 0.17 (0.04) -0.05 (0.57) -0.06 (0.48) 0.35 (<0.01) 0.41 (<0.01)
Non-HDL-C -0.04 (0.58)  0.25 (<0.01) 0.36 (0.01) -0.10 (0.15)  -0.25 (<0.01) 0.34 (<0.01) 0.47 (<0.01)
Total cholesterol 0.24 (<0.01) 0.18 (0.01) 0.21 (<0.01) 0.09 (0.19) 0.05 (0.45) 0.57 (<0.01) 0.55 (<0.01)
Triglycerides -0.21 (<0.01) 0.14 (0.05) 0.63(<0.01)  -0.18(<0.01)  -0.55 (<0.01) 0.15 (0.03) 0.40 (<0.01)
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T-HDL-P  XS-HDL-P S-HDL-P M-HDL-P L-HDL-P J774 ABCA
CEC 1CEC

ApoAl 080(<0.01)  001(0.95) -0.21(<0.01) 055 (<0.01)  0.69 (<0.01) 0.69 (<0.01) 0.34 (<0.01)
ACR 0.04(0.55)  -0.16(0.03)  -0.15(0.04)  -0.01(0.90)  0.16 (0.02) 0.05 (0.51) -0.01 (0.89)
eGFR -015(0.03)  -0.17(0.02)  -0.15(0.04)  -0.07(0.32)  -0.02(0.78) -0.20 (<0.01) -0.24 (<0.01)
WBC count <0.01(0.99)  0.09(0.19)  0.22(<0.01)  -0.01(0.93)  -0.16 (0.02) -0.01 (0.86) 0.02 (0.77)
T-HDL-P - -0.07(0.32)  -0.19(<0.01)  0.78(<0.01)  0.76 (<0.01) 0.55 (<0.01) 0.21 (<0.01)
XS-HDL-P - - 0.29(<0.01)  -0.22(<0.01)  -0.20 (<0.01) 0.08 (0.29) 0.10 (0.16)
S-HDL-P - - - -0.30 (<0.01)  -0.60 (<0.01) <0.01 (0.97) 0.17 (0.02)
M-HDL-P - - - - 053 (<0.01) 0.30 (<0.01) 0.07 (0.34)
L-HDL-P - - - - - 0.42 (<0.01) 0.04 (0.60)
J774 CEC - - - - - - 0.75 (<0.01)

* Data are correlation coefficients (p-value)
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Table 3 Independent correlates of HDL particle concentration and cholesterol efflux capacity

T-HDL-P XS-HDL-P S-HDL-P M-HDL-P L-HDL-P J774 ABCA1
Type 1 diabetes -0.74 -0.009 0.09 -1.06 0.39 0.26 0.95
(-1.2, -0.29) (-0.08, 0.06) (-0.19, 0.37) (-1.46, -0.67) (0.10, 0.68) (0.22, 0.30) (0.79, 1.10)
(<0.01) (0.80) (0.52) (<0.01) (<0.01) (<0.01) (<0.01)
Females 0.21 -0.19 -0.37 0.45 0.26 -0.03 -0.15
(-0.26, 0.68) (-0.26, -0.13) (-0.65, -0.10) (0.05, 0.85) (-0.03, 0.55) (-0.07, 0.006) (-0.30, -0.01)
(0.38) (<0.01) (<0.01) (0.03) (0.07) (0.10) (0.04)
HDLc 0.024 -0.005 -0.05 - 0.08 0.004 -
(0.01, 0.05) (-0.009, -0.001) (-0.07, -0.04) (0.06, 0.09) (0.002, 0.006)
(0.05) (<0.01) (<0.01) (<0.01) (<0.01)
Non-HDL - 0.001 0.004 - - 0.001 0.005
(0.0003, 0.002) (0.0001, 0.01) (0.0008, 0.002) (0.003, 0.007)
(<0.01) (0.05) (<0.01) (<0.01)
Triglycerides - - 0.009 -0.005 -0.004 0.001 0.004
(0.007, 0.01) (-0.008, -0.002 | (-0.006, -0.001) (0.0008, 0.001) (0.003, 0.005)
(<0.01) (<0.01) (<0.01) (<0.01) (<0.01)
Albumin to - - - - - - 0.001
(0.0001, 0.002)
creatinine ratio (0.04)
White blood - 0.03 - - -0.10 - -
cell count (0.008, 0.05) (-0.19, -0.01)
(<0.01) (0.02)
BMI - - 0.02 - -0.02 - -
(-0.0004, 0.03) (-0.04, -0.0007)
(0.06) (0.04)
Estimated - -0.003 -0.01 - - -0.002 -0.01
glomerular (-0.005, -0.001) (-0.02, -0.002) (-0.003, -0.0009) (-0.01, -0.004)
filtration rate (<0.01) (0.01) (<0.01) (<0.01)
Apolipoprotein 0.11 0.003 0.03 0.05 0.01 0.005 0.01
Al (0.09, 0.12) (0.0007, 0.005) (0.02, 0.04) (0.04, 0.06) (0.003, 0.02) (0.003, 0.006) (0.008, 0.01)
(<0.01) (0.01) (<0.01) (<0.01) (0.01) (<0.01) (<0.01)
Hypertension - - - - - 0.07 0.34
(0.02,0.11) (0.15,0.52)
(<0.01) (<0.01)
Never smoker Referent Referent Referent Referent Referent Referent Referent
Former smoker - - 0.24 -0.02 - - -
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(-0.06, 0.54) (-0.47,0.43)
(0.12) (0.94)
Current smoker - - 0.65 -0.71 - - -
(0.20, 1.10) (-1.38, -0.04)
(<0.01) (0.04)
R? 0.74 0.21 0.52 0.46 0.71 0.74 0.61

Data are B (95% Confidence interval) (p-value)
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5.0 Discussion

In this study of middle-aged adults, having a diagnosis of childhood-onset type 1 diabetes
was independently associated with significantly lower concentrations of M-HDL-P but slightly
higher concentrations of L-HDL-P compared with normal glucose tolerance, resulting in type 1
diabetes being independently associated with lower overall T-HDL-P concentrations.
Furthermore, type 1 diabetes was associated with significantly higher total and ABCA1-specific
CEC after multivariable adjustments, including for traditional lipid levels. Our results therefore
suggest greater CEC per HDL-P in type 1 diabetes compared with individuals with normal glucose
tolerance, perhaps as a compensatory mechanism in this high cardiovascular risk population. These
associations were not modified by sex.

The role of HDL-C as a determinant of cardiovascular disease risk has long been
contemplated in type 1 diabetes. Its concentrations, which numerous epidemiologic studies have
shown to be strongly, negatively, associated with the development of cardiovascular disease,’®
are markedly increased in type 1 diabetes when glucose is closer to physiologic levels.28? Yet,
patients with type 1 diabetes are at a greatly increased risk of cardiovascular outcomes compared
with the general population, particularly at younger ages.®8 Moreover, investigators of the
Pittsburgh EDC study noted a U-shaped HDL-C — CAD association among women with type 1
diabetes, such that CAD risk increased both at the lowest (<50 mg/dL) and highest (>80 mg/dL)
ends of the HDL-C distribution.”? Interestingly, recent data from general population studies also
suggested either the absence of an association between HDL-C and cardiovascular morbidity and
mortality or increased risk with higher HDL-C concentrations.88” These observations, in addition
to the failure to show cardiovascular protection in trials of medications known to increase HDL-

28



C,8°0 have promoted interest in the ability to assess the structure of the HDL particle and its
properties beyond cholesterol concentration. Indeed, HDL’s pleiotropic activities include
antioxidant, anti-inflammatory, and antithrombotic effects as well as reverse cholesterol function
and all these properties are thought to contribute to its characterization as an atheroprotective
molecule. Assays have recently been developed to quantify HDL particle number and mean
particle size, and addressing each of the above-mentioned activities of HDL. However, to date,
there is no single assay to measure HDL function. Moreover, there are currently no standards for
the assessment of these novel HDL metrics, making comparison across studies difficult.

Our findings relating to HDL particle concentrations quantified using ion mobility by type
1 diabetes status are similar to previously published results assessing HDL particle concentration
by Nuclear Magnetic Resonance Spectroscopy (NMR) in a smaller sample of adults in their 30s.
Ahmed et al.®* reported lower total, medium and small HDL particle concentrations and higher
large HDL particle concentrations in individuals with type 1 diabetes compared with controls.
Interestingly, a small study among youth also reported lower medium HDL particle concentration
by NMR, although small HDL particle concentration was higher among youth with type 1 diabetes
compared with controls, and total HDL particle concentrations did not differ between the two
groups.®? However, as sex hormones affect the concentrations of lipoproteins * and as pubertal
onset may be delayed in children with type 1 diabetes,® these results are difficult to interpret.
Nevertheless, it appears that there is a shift toward larger HDL particles and lower medium HDL
particle concentration in type 1 diabetes that is manifest in young adulthood and continues to
middle/older age.

Interestingly, the observed differences in medium and large HDL particle concentration in

the present study were more pronounced among women, although no significant effect
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modification was observed in multivariable models. In the study by Ahmed et al.,°* univariate
differences by type 1 diabetes status in total and small HDL particle concentrations were
significant only among women, although results for medium and large HDL particle
concentrations did not differ by sex. Unfortunately, sex-specific differences by type 1 diabetes
status were not reported by Gourgari et al.?> Whether the sex differences observed in the present
study may explain the increased relative risk of cardiovascular outcomes in women with type 1
diabetes cannot be determined from the present results but should be pursued in future studies.

Despite the lower concentrations of total HDL particles among study participants with type
1 diabetes, both total macrophage and ABCA1-specific CEC were higher compared with controls.
These associations, which were maintained after multivariable adjustments, were not modified by
sex. However, in multivariable models, ABCA1-specific CEC was lower in women compared with
men regardless diabetes status. Work published by Du et al.®® suggesting that smaller forms of
HDL are the main promoters of sterol efflux from macrophages by the ABCA1 pathway, support
our findings, as women appear to have lower concentrations of XS- and S-HDL-P in this study.
However, the implications of these findings regarding sex differences in the risk for cardiovascular
complications in type 1 diabetes are unclear.

Total CEC was greater in type 1 diabetes compared with non-diabetic controls also in the
study by Ahmed et al.,°* although the difference for ABCA1-specific CEC was less marked and
rendered non-significant in multivariable models. In contrast, univariately, CEC was lower among
youth with type 1 diabetes compared with healthy control youth in the study by Gourgari et al.,*?
although no multivariable analyses were conducted. Neither effect modification nor analyses

stratified by sex was conducted in these smaller studies.
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Strengths of our study include a large, well-characterized, cohort of middle-aged adults
with type 1 diabetes and non-diabetic controls of a similar age and sex distribution. Our
assessments comprised well validated assays of HDL particle concentration and CEC. Moreover,
our investigation of differences in HDL particle concentration and CEC by type 1 diabetes status
evaluated the presence of effect modification by sex. Limitations include the cross-sectional study
design and the racially homogenous cohort; only 4% of study participants were not non-Hispanic
white, limiting the generalizability of the study results. However, the distribution of race/ethnicity
in this study depended on that of type 1 diabetes patients in Allegheny County, PA in the period
they were diagnosed with type 1 diabetes (1950-80). In addition, our population includes
individuals who have survived with type 1 diabetes for a median of 40 years and, therefore, our
findings may not apply to all those diagnosed with this chronic disease.

In conclusion, our results demonstrate differences in HDL particle concentration and CEC
by sex and type 1 diabetes status. Whether these differences exist at the diagnosis of type 1 diabetes
or are a result of metabolic abnormalities in type 1 diabetes is not clear at present. However, future
research studies should address the public health implications of these findings in terms of

subsequent development of cardiovascular complications.

31



10.

11.

12.

13.

Bibliography

Wilcox G. Insulin and insulin resistance. Clin Biochem Rev. 2005;26(2):19-39.

Atkinson MA, Eisenbarth GS, Michels AW. Type 1 diabetes. Lancet.
2014;383(9911):69-82. doi:10.1016/S0140-6736(13)60591-7

Katsarou A, Gudbjdrnsdottir S, Rawshani A, et al. Type 1 diabetes mellitus. Nat Rev Dis
Primers. 2017;3:17016. doi:10.1038/nrdp.2017.16

Atkinson MA. The pathogenesis and natural history of type 1 diabetes. Cold Spring Harb
Perspect Med. 2012;2(11). doi:10.1101/cshperspect.a007641

DiMeglio LA, Evans-Molina C, Oram RA. Type 1 diabetes. Lancet.
2018;391(10138):2449-2462. d0i:10.1016/S0140-6736(18)31320-5

American Diabetes Association. 2. Classification and Diagnosis of Diabetes: Standards of
Medical Care in Diabetes-2021. Diabetes Care. 2021;44(Suppl 1):S15-S33.
d0i:10.2337/dc21-S002

Aly H, Gottlieb P. The honeymoon phase: intersection of metabolism and immunology.
Curr Opin Endocrinol Diabetes Obes. 2009;16(4):286-292.
d0i:10.1097/MED.0b013e32832e0693

Forbes JM, Cooper ME. Mechanisms of diabetic complications. Physiol Rev.
2013;93(1):137-188. doi:10.1152/physrev.00045.2011

American Diabetes Association. 9. Pharmacologic Approaches to Glycemic Treatment:
Standards of Medical Care in Diabetes-2021. Diabetes Care. 2021;44(Suppl 1):S111-
S124. doi:10.2337/dc21-S009

Weykamp C. HbAlc: a review of analytical and clinical aspects. Ann Lab Med.
2013;33(6):393-400. doi:10.3343/alm.2013.33.6.393

Weng J, Zhou Z, Guo L, et al. Incidence of type 1 diabetes in China, 2010-13: population
based study. BMJ. 2018;360:j5295. doi:10.1136/bmj.j5295

Diaz-Valencia PA, Bougneres P, Valleron A-J. Global epidemiology of type 1 diabetes in
young adults and adults: a systematic review. BMC Public Health. 2015;15:255.
doi:10.1186/s12889-015-1591-y

Menke A, Orchard TJ, Imperatore G, Bullard KM, Mayer-Davis E, Cowie CC. The
prevalence of type 1 diabetes in the United States. Epidemiology. 2013;24(5):773-774.
doi:10.1097/EDE.Ob013e31829ef01a

32



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Mayer-Davis EJ, Lawrence JM, Dabelea D, et al. Incidence Trends of Type 1 and Type 2
Diabetes among Youths, 2002-2012. N Engl J Med. 2017;376(15):1419-1429.
d0i:10.1056/NEJM0al1610187

Karvonen M, Pitkaniemi M, Pitk&niemi J, Kohtaméki K, Tajima N, Tuomilehto J. Sex
difference in the incidence of insulin-dependent diabetes mellitus: an analysis of the
recent epidemiological data. World Health Organization DIAMOND Project Group.
Diabetes Metab Rev. 1997;13(4):275-291. doi:10.1002/(sici)1099-
0895(199712)13:4<275::aid-dmr197>3.0.co;2-v

Lawrence JM, Mayer-Davis EJ. What do we know about the trends in incidence of
childhood-onset type 1 diabetes? Diabetologia. 2019;62(3):370-372. doi:10.1007/s00125-
018-4791-z

Maahs DM, West NA, Lawrence JM, Mayer-Davis EJ. Epidemiology of type 1 diabetes.
Endocrinol Metab Clin North Am. 2010;39(3):481-497. doi:10.1016/j.ecl.2010.05.011

Cardwell CR, Stene LC, Joner G, et al. Maternal age at birth and childhood type 1
diabetes: a pooled analysis of 30 observational studies. Diabetes. 2010;59(2):486-494.
d0i:10.2337/db09-1166

Redondo MJ, Jeffrey J, Fain PR, Eisenbarth GS, Orban T. Concordance for islet
autoimmunity among monozygotic twins. N Engl J Med. 2008;359(26):2849-2850.
d0i:10.1056/NEJMc0805398

Pociot F, Lernmark A. Genetic risk factors for type 1 diabetes. Lancet.
2016;387(10035):2331-2339. doi:10.1016/S0140-6736(16)30582-7

Bakay M, Pandey R, Grant SFA, Hakonarson H. The genetic contribution to type 1
diabetes. Curr Diab Rep. 2019;19(11):116. doi:10.1007/s11892-019-1235-1

Renningen KS. Type 1 diabetes: prospective cohort studies for identification of the
environmental trigger. Arch Immunol Ther Exp (Warsz). 2013;61(6):459-468.
d0i:10.1007/s00005-013-0247-9

Stene LC, Oikarinen S, Hyoty H, et al. Enterovirus infection and progression from islet
autoimmunity to type 1 diabetes: the Diabetes and Autoimmunity Study in the Young
(DAISY). Diabetes. 2010;59(12):3174-3180. doi:10.2337/db10-0866

Yeung W-CG, Rawlinson WD, Craig ME. Enterovirus infection and type 1 diabetes
mellitus: systematic review and meta-analysis of observational molecular studies. BMJ.
2011;342:d35. d0i:10.1136/bmj.d35

Dahlquist GG, Ivarsson S, Lindberg B, Forsgren M. Maternal enteroviral infection during

pregnancy as a risk factor for childhood IDDM. A population-based case-control study.
Diabetes. 1995;44(4):408-413. doi:10.2337/diab.44.4.408

33



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Viskari H, Knip M, Tauriainen S, et al. Maternal enterovirus infection as a risk factor for
type 1 diabetes in the exposed offspring. Diabetes Care. 2012;35(6):1328-1332.
d0i:10.2337/dc11-2389

Cardwell CR, Stene LC, Ludvigsson J, et al. Breast-feeding and childhood-onset type 1
diabetes: a pooled analysis of individual participant data from 43 observational studies.
Diabetes Care. 2012;35(11):2215-2225. doi:10.2337/dc12-0438

Borch-Johnsen K, Mandrup-Poulsen T, Zachau-Christiansen B, et al. Relation between
breast-feeding and incidence rates of insulin-dependent diabetes mellitus. Lancet.
1984;324(8411):1083-1086. doi:10.1016/S0140-6736(84)91517-4

Ziegler A-G, Schmid S, Huber D, Hummel M, Bonifacio E. Early infant feeding and risk
of developing type 1 diabetes-associated autoantibodies. JAMA. 2003;290(13):1721-
1728. doi:10.1001/jama.290.13.1721

Holmberg H, Wahlberg J, Vaarala O, Ludvigsson J, ABIS Study Group. Short duration of
breast-feeding as a risk-factor for beta-cell autoantibodies in 5-year-old children from the
general population. Br J Nutr. 2007;97(1):111-116. doi:10.1017/S0007114507210189

Chia JSJ, McRae JL, Kukuljan S, et al. Al beta-casein milk protein and other
environmental pre-disposing factors for type 1 diabetes. Nutr Diabetes. 2017;7(5):e274.
doi:10.1038/nutd.2017.16

Rewers M, Ludvigsson J. Environmental risk factors for type 1 diabetes. Lancet.
2016;387(10035):2340-2348. doi:10.1016/S0140-6736(16)30507-4

Norris JM, Lee H-S, Frederiksen B, et al. Plasma 25-Hydroxyvitamin D Concentration
and Risk of Islet Autoimmunity. Diabetes. 2018;67(1):146-154. doi:10.2337/db17-0802

Frederiksen BN, Kroehl M, Fingerlin TE, et al. Association between vitamin D
metabolism gene polymorphisms and risk of islet autoimmunity and progression to type 1
diabetes: the diabetes autoimmunity study in the young (DAISY). J Clin Endocrinol
Metab. 2013;98(11):E1845-51. doi:10.1210/jc.2013-2256

Marjamaki L, Niinistd S, Kenward MG, et al. Maternal intake of vitamin D during
pregnancy and risk of advanced beta cell autoimmunity and type 1 diabetes in offspring.
Diabetologia. 2010;53(8):1599-1607. doi:10.1007/s00125-010-1734-8

Simpson M, Brady H, Yin X, et al. No association of vitamin D intake or 25-
hydroxyvitamin D levels in childhood with risk of islet autoimmunity and type 1 diabetes:
the Diabetes Autoimmunity Study in the Young (DAISY). Diabetologia.
2011;54(11):2779-2788. d0i:10.1007/s00125-011-2278-2

Miettinen ME, Reinert L, Kinnunen L, et al. Serum 25-hydroxyvitamin D level during

early pregnancy and type 1 diabetes risk in the offspring. Diabetologia. 2012;55(5):1291-
1294. doi:10.1007/s00125-012-2458-8

34



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

Zipitis CS, Akobeng AK. Vitamin D supplementation in early childhood and risk of type
1 diabetes: a systematic review and meta-analysis. Arch Dis Child. 2008;93(6):512-517.
d0i:10.1136/adc.2007.128579

Miller RG, Secrest AM, Sharma RK, Songer TJ, Orchard TJ. Improvements in the life
expectancy of type 1 diabetes: the Pittsburgh Epidemiology of Diabetes Complications
study cohort. Diabetes. 2012;61(11):2987-2992. do0i:10.2337/db11-1625

Morgan E, Cardwell CR, Black CJ, McCance DR, Patterson CC. Excess mortality in
Type 1 diabetes diagnosed in childhood and adolescence: a systematic review of
population-based cohorts. Acta Diabetol. 2015;52(4):801-807. doi:10.1007/s00592-014-
0702-z

Simeone JC, Shah S, Ganz ML, et al. Healthcare resource utilization and cost among
patients with type 1 diabetes in the United States. J Manag Care Spec Pharm.
2020;26(11):1399-1410. doi:10.18553/jmcp.2020.26.11.1399

Sussman M, Benner J, Haller MJ, Rewers M, Griffiths R. Estimated lifetime economic
burden of type 1 diabetes. Diabetes Technol Ther. 2020;22(2):121-130.
doi:10.1089/dia.2019.0398

Roy T, Lloyd CE. Epidemiology of depression and diabetes: a systematic review. J Affect
Disord. 2012;142 Suppl:S8-21. d0i:10.1016/S0165-0327(12)70004-6

Lloyd CE, Matthews KA, Wing RR, Orchard TJ. Psychosocial factors and complications
of IDDM. The Pittsburgh Epidemiology of Diabetes Complications Study. VIII. Diabetes
Care. 1992;15(2):166-172. doi:10.2337/diacare.15.2.166

Fickley CE, Lloyd CE, Costacou T, Miller RG, Orchard TJ. Type A behavior and risk of
all-cause mortality, CAD, and CAD-related mortality in a type 1 diabetic population: 22
years of follow-up in the Pittsburgh Epidemiology of Diabetes Complications Study.
Diabetes Care. 2013;36(10):2974-2980. doi:10.2337/dc13-0266

Dabelea D, Rewers A, Stafford JM, et al. Trends in the prevalence of ketoacidosis at
diabetes diagnosis: the SEARCH for diabetes in youth study. Pediatrics.
2014;133(4):€938-45. doi:10.1542/peds.2013-2795

Igbal A, Heller S. Managing hypoglycaemia. Best Pract Res Clin Endocrinol Metab.
2016;30(3):413-430. d0i:10.1016/j.beem.2016.06.004

Levine BS, Anderson BJ, Butler DA, Antisdel JE, Brackett J, Laffel LM. Predictors of
glycemic control and short-term adverse outcomes in youth with type 1 diabetes. J
Pediatr. 2001;139(2):197-203. d0i:10.1067/mpd.2001.116283

Morales J, Schneider D. Hypoglycemia. Am J Med. 2014;127(10 Suppl):S17-24.
doi:10.1016/j.amjmed.2014.07.004

35



50.

51.

52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.

Allen C, LeCaire T, Palta M, et al. Risk factors for frequent and severe hypoglycemia in
type 1 diabetes. Diabetes Care. 2001;24(11):1878-1881. doi:10.2337/diacare.24.11.1878

Kaur S, Pandhi P, Dutta P. Painful diabetic neuropathy: an update. Ann Neurosci.
2011;18(4):168-175. doi:10.5214/ans.0972-7531.1118409

Hicks CW, Selvin E. Epidemiology of peripheral neuropathy and lower extremity disease
in diabetes. Curr Diab Rep. 2019;19(10):86. doi:10.1007/s11892-019-1212-8

Maser RE, Steenkiste AR, Dorman JS, et al. Epidemiological correlates of diabetic
neuropathy. Report from Pittsburgh Epidemiology of Diabetes Complications Study.
Diabetes. 1989;38(11):1456-1461. doi:10.2337/diab.38.11.1456

Virk SA, Donaghue KC, Wong TY, Craig ME. Interventions for Diabetic Retinopathy in
Type 1 Diabetes: Systematic Review and Meta-Analysis. Am J Ophthalmol.
2015;160(5):1055-1064.e4. doi:10.1016/j.aj0.2015.07.024

Diabetes Control and Complications Trial/Epidemiology of Diabetes Interventions and
Complications (DCCT/EDIC) Research Group, Nathan DM, Zinman B, et al. Modern-
day clinical course of type 1 diabetes mellitus after 30 years’ duration: the diabetes
control and complications trial/epidemiology of diabetes interventions and complications
and Pittsburgh epidemiology of diabetes complications experience (1983-2005). Arch
Intern Med. 2009;169(14):1307-1316. doi:10.1001/archinternmed.2009.193

Secrest AM, Becker DJ, Kelsey SF, Laporte RE, Orchard TJ. Cause-specific mortality
trends in a large population-based cohort with long-standing childhood-onset type 1
diabetes. Diabetes. 2010;59(12):3216-3222. doi:10.2337/db10-0862

Costacou T, Fried L, Ellis D, Orchard TJ. Sex differences in the development of kidney
disease in individuals with type 1 diabetes mellitus: a contemporary analysis. Am J
Kidney Dis. 2011;58(4):565-573. doi:10.1053/j.ajkd.2011.05.025

Costacou T, Orchard TJ. Cumulative kidney complication risk by 50 years of type 1
diabetes: the effects of sex, age, and calendar year at onset. Diabetes Care.
2018;41(3):426-433. d0i:10.2337/dc17-1118

Orchard TJ, Costacou T. Cardiovascular complications of type 1 diabetes: update on the
renal link. Acta Diabetol. 2017;54(4):325-334. doi:10.1007/s00592-016-0949-7

Moss SE, Klein R, Klein BE. Cause-specific mortality in a population-based study of
diabetes. Am J Public Health. 1991;81(9):1158-1162. doi:10.2105/ajph.81.9.1158

Laing SP, Swerdlow AJ, Slater SD, et al. Mortality from heart disease in a cohort of
23,000 patients with insulin-treated diabetes. Diabetologia. 2003;46(6):760-765.
doi:10.1007/s00125-003-1116-6

Libby P, Theroux P. Pathophysiology of coronary artery disease. Circulation.
2005;111(25):3481-3488. doi:10.1161/CIRCULATIONAHA.105.537878

36



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Costacou T. The Epidemiology of Cardiovascular Disease in Adults with Type 1
Diabetes. Curr Diabetes Rev. 2017;13(6):520-527.
d0i:10.2174/1573399812666160927122643

Orchard TJ, Costacou T, Kretowski A, Nesto RW. Type 1 diabetes and coronary artery
disease. Diabetes Care. 2006;29(11):2528-2538. d0i:10.2337/dc06-1161

Nathan DM, Cleary PA, Backlund J-YC, et al. Intensive diabetes treatment and
cardiovascular disease in patients with type 1 diabetes. N Engl J Med.
2005;353(25):2643-2653. doi:10.1056/NEJM0a052187

Orchard TJ, Olson JC, Erbey JR, et al. Insulin resistance-related factors, but not
glycemia, predict coronary artery disease in type 1 diabetes: 10-year follow-up data from
the Pittsburgh Epidemiology of Diabetes Complications Study. Diabetes Care.
2003;26(5):1374-1379. doi:10.2337/diacare.26.5.1374

Ouimet M, Barrett TJ, Fisher EA. HDL and reverse cholesterol transport. Circ Res.
2019;124(10):1505-1518. doi:10.1161/CIRCRESAHA.119.312617

Rohatgi A, Khera A, Berry JD, et al. HDL cholesterol efflux capacity and incident
cardiovascular events. N Engl J Med. 2014;371(25):2383-2393.
d0i:10.1056/NEJM0al1409065

Rosenson RS, Brewer HB, Davidson WS, et al. Cholesterol efflux and atheroprotection:
advancing the concept of reverse cholesterol transport. Circulation. 2012;125(15):1905-
1919. doi:10.1161/CIRCULATIONAHA.111.066589

Ansell BJ, Fonarow GC, Fogelman AM. High-density lipoprotein: is it always
atheroprotective? Curr Atheroscler Rep. 2006;8(5):405-411. doi:10.1007/s11883-006-
0038-4

El Khoudary SR. HDL and the menopause. Curr Opin Lipidol. 2017;28(4):328-336.
d0i:10.1097/MOL.0000000000000432

Costacou T, Evans RW, Orchard TJ. High-density lipoprotein cholesterol in diabetes: is
higher always better? J Clin Lipidol. 2011;5(5):387-394. doi:10.1016/j.jacl.2011.06.011

Nathan DM, Genuth S, Lachin J, et al. The effect of intensive treatment of diabetes on the
development and progression of long-term complications in insulin-dependent diabetes
mellitus. N Engl J Med. 1993;329(14):977-986. doi:10.1056/NEJM199309303291401

Ju J, Tomaszewski EL, Orchard TJ, Evans RW, Feingold E, Costacou T. The haptoglobin
2-2 genotype is associated with cardiac autonomic neuropathy in type 1 diabetes: the
RETRO HDLc study. Acta Diabetol. 2020;57(3):271-278. doi:10.1007/s00592-019-
01422-6

Ellis D, Buffone GJ. New approach to evaluation of proteinuric states. Clin Chem.
1977;23(4):666-670.

37



76.

77,

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Levey AS, Stevens LA, Schmid CH, et al. A new equation to estimate glomerular
filtration rate. Ann Intern Med. 2009;150(9):604-612. doi:10.7326/0003-4819-150-9-
200905050-00006

Hutchins PM, Ronsein GE, Monette JS, et al. Quantification of HDL particle
concentration by calibrated ion mobility analysis. Clin Chem. 2014;60(11):1393-1401.
doi:10.1373/clinchem.2014.228114

Rader DJ, Hovingh GK. HDL and cardiovascular disease. Lancet. 2014;384(9943):618-
625. doi:10.1016/S0140-6736(14)61217-4

Nicholls SJ, Nelson AJ. HDL and cardiovascular disease. Pathology. 2019;51(2):142-
147. doi:10.1016/j.pathol.2018.10.017

Nikkild EA. High density lipoproteins in diabetes. Diabetes. 1981;30(Suppl 2):82-87.
d0i:10.2337/diab.30.2.582

Medina-Bravo P, Medina-Urrutia A, Juarez-Rojas JG, et al. Glycemic control and high-
density lipoprotein characteristics in adolescents with type 1 diabetes. Pediatr Diabetes.
2013;14(6):399-406. d0i:10.1111/j.1399-5448.2012.00924.x

Guy J, Ogden L, Wadwa RP, et al. Lipid and lipoprotein profiles in youth with and
without type 1 diabetes: the SEARCH for Diabetes in Youth case-control study. Diabetes
Care. 2009;32(3):416-420. doi:10.2337/dc08-1775

Maahs DM, Daniels SR, de Ferranti SD, et al. Cardiovascular disease risk factors in
youth with diabetes mellitus: a scientific statement from the American Heart Association.
Circulation. 2014;130(17):1532-1558. doi:10.1161/CIR.0000000000000094

Dabelea D, Kinney G, Snell-Bergeon JK, et al. Effect of type 1 diabetes on the gender
difference in coronary artery calcification: a role for insulin resistance? The Coronary
Artery Calcification in Type 1 Diabetes (CACT]I) Study. Diabetes. 2003;52(11):2833-
2839. doi:10.2337/diabetes.52.11.2833

Soedamah-Muthu SS, Chaturvedi N, Toeller M, et al. Risk factors for coronary heart
disease in type 1 diabetic patients in Europe: the EURODIAB Prospective Complications
Study. Diabetes Care. 2004;27(2):530-537. doi:10.2337/diacare.27.2.530

Ko DT, Alter DA, Guo H, et al. High-Density Lipoprotein Cholesterol and Cause-
Specific Mortality in Individuals Without Previous Cardiovascular Conditions: The
CANHEART Study. J Am Coll Cardiol. 2016;68(19):2073-2083.
doi:10.1016/j.jacc.2016.08.038

Madsen CM, Varbo A, Nordestgaard BG. Extreme high high-density lipoprotein
cholesterol is paradoxically associated with high mortality in men and women: two
prospective cohort studies. Eur Heart J. 2017;38(32):2478-2486.
doi:10.1093/eurheartj/ehx163

38



88.

89.

90.

91.

92.

93.

94,

95.

Barter PJ, Caulfield M, Eriksson M, et al. Effects of torcetrapib in patients at high risk for
coronary events. N Engl J Med. 2007;357(21):2109-2122. doi:10.1056/NEJM0a0706628

Schwartz GG, Olsson AG, Abt M, et al. Effects of dalcetrapib in patients with a recent
acute coronary syndrome. N Engl J Med. 2012;367(22):2089-2099.
d0i:10.1056/NEJM0al206797

Bowman L, Hopewell JC, Chen F, Wallendszus K, Stevens W. Effects of anacetrapib in
patients with atherosclerotic vascular disease. J Vasc Surg. 2018;67(1):356.
d0i:10.1016/j.jvs.2017.11.029

Ahmed MO, Byrne RE, Pazderska A, et al. HDL particle size is increased and HDL-
cholesterol efflux is enhanced in type 1 diabetes: a cross-sectional study. Diabetologia.
2021;64(3):656-667. d0i:10.1007/s00125-020-05320-3

Gourgari E, Playford MP, Campia U, et al. Low cholesterol efflux capacity and abnormal
lipoprotein particles in youth with type 1 diabetes: a case control study. Cardiovasc
Diabetol. 2018;17(1):158. doi:10.1186/512933-018-0802-0

Robinson GA, Peng J, Peckham H, et al. Sex hormones drive changes in lipoprotein
metabolism. iScience. 2021;24(11):103257. doi:10.1016/j.isci.2021.103257

Rohrer T, Stierkorb E, Heger S, et al. Delayed pubertal onset and development in German
children and adolescents with type 1 diabetes: cross-sectional analysis of recent data from
the DPV diabetes documentation and quality management system. Eur J Endocrinol.
2007;157(5):647-653. doi:10.1530/EJE-07-0150

Du X-M, Kim M-J, Hou L, et al. HDL particle size is a critical determinant of ABCA1-

mediated macrophage cellular cholesterol export. Circ Res. 2015;116(7):1133-1142.
doi:10.1161/CIRCRESAHA.116.305485

39



	Preface
	1.0 Introduction
	1.1 Type 1 Diabetes Pathophysiology
	1.2 Long Term Care
	1.3 Epidemiology
	1.3.1  Incidence and prevalence
	1.3.2  Risk Factors

	1.4 Complications Associated with Type 1 Diabetes
	1.4.1  Acute Complications
	1.4.2  Microvascular Complications

	1.5 Macrovascular Complications – Coronary Artery Disease
	1.5.1  HDL and Macrophage Cholesterol Efflux

	1.6 Gaps in Knowledge
	1.7 Public Health Significance

	2.0 Objectives
	3.0 Methods
	3.1 Study Population
	3.2 Data Collection
	3.3 Statistical Methods

	4.0 Results
	Table 1 Differences in participant characteristics by T1D status overall and within sex
	Table 2 Correlates of HDL-P concentration and cholesterol efflux capacity by type 1 diabetes status
	Table 3 Independent correlates of HDL particle concentration and cholesterol efflux capacity

	5.0 Discussion
	Bibliography

